DEFINITIONS AND ABBREVIATIONS

Cell Geometry
Volume of the cell ( ) Capacitive membrane area (cm 2 )
Volume of the myoplasm ( ) Volume of the network sarcoplasmic reticulum (NSR) ( ) Volume of the junctional sarcoplasmic reticulum (JSR) ( ) Volume of the submembrane space ( ) _ Total number of dyads in the cell Volume of the n th dyadic myoplasm ( ) Volume of the n th dyadic submembrane space ( ) Volume of the n th dyadic NSR ( ) Volume of the n th dyadic JSR ( ) Volume of the n th dyadic space volume ( ) Number of L-type channels (LCCs) in the n th dyad 2 Number of Ryanodine Receptors (RyR2s) in the n th dyad
Currents
Total ionic current ( / ) Fast Na current ( / )
Whole-cell L-type Ca current ( / ) Na current through LCCs ( / ) K current through LCCs ( / ) Whole-cell T-type Ca current ( / ) Rapid delayed rectifier K current ( / ) Slow delayed rectifier K current ( / ) 1 
Time independent K current ( / )
Whole-cell myoplasmic Na-Ca exchanger current ( / )
, Whole-cell submembrane Na-Ca exchanger current ( / ) Na-K pump current ( / ) Background Na current ( / ) Whole-cell current through sarcolemmal Ca pump ( / ) Whole-cell background Ca current ( / ) Plateau K current ( / ) ���� Maximum Ca current through LCCs ( / ) L-type Ca current in the n th dyad ( / ) Background Ca current in the n th dyad ( / ) T-type Ca current in the n th dyad ( / ) Sarcolemmal pump current in the n th dyad ( / )
Na-Ca exchanger current in the myoplasm in the n th dyad ( / )
, Na-Ca exchanger current in the submembrane space in the n th dyad ( / ) ̅ Maximum Na current through LCCs ( / ) 
Conductances and Permeability
Maximum conductance of ( / ) Maximum conductance of ( / ) Maximum conductance of ( / )
, Permeability ratio of Na ion to K ion Maximum conductance of ( / ) 1 Maximum conductance of 1 ( / ) Maximum conductance of ( / ) Maximum conductance of ( / ) Permeability of membrane to Ca ( / ) Permeability of membrane to Na ( / ) Permeability of membrane to K ( / ) Monte Carlo simulations determine the initial state of each LCC and RyR2 based on transition rates determined by the initial conditions.
Concentrations
Extracellular Na concentration
( ) Intracellular Na concentration ( ) Intracellular K concentration ( ) Extracellular K concentration ( ) Extracellular Ca concentration ( ) Free JSR
Stimulus
A stimulus current ( ) of -80 µA/µF amplitude for a duration of 0.5 ms is used to pace the cell. The current is assumed to be K current (2) . 
MODEL CURRENTS Fast Sodium Current
L-type Ca Current
The LCC scheme is same as in (1) . Kinetic state of every single LCC in the model is monitored. Monte-Carlo simulations determine the state of LCC in the next time step based on transition rates shown below. Both free and Ca-bound CSQN form a relatively immobile network of protomers near RyR2s (CSQN network in Fig. S1 ), consistent with the scheme presented in (5). Diffusion of SR free Ca can occur readily in this network, thereby ensuring that the relative concentration of Ca-bound and free CSQN is spatially uniform in this network. Each RyR2 senses a proximal portion of the CSQN network in its vicinity (CSQN regulator in Fig. S1 ). In the RyR2 model ( Fig. 1 A of main text), transition rate from the activation to the refractory tier is proportional to the concentration of free CSQN in the CSQN regulator domain, and the transition from the refractory to the activation tier is proportional to Ca-bound CSQN in this domain. In the CSQN network, the majority of CSQN acts as CSQN buffer (Fig. S1 ). This functional modeling scheme of luminal RyR2 regulation is based on the schemes depicted in (6) and (7). In the scheme presented in (6), the bulk of CSQN acts as SR Ca buffer. Single CSQN monomer binds to the Triadin/Junctin/RyR2 complex and modulates cytosolic Ca activation of RyR2. In the scheme presented in (7) CSQN binds to the Triadin/Junctin/RyR2 complex, making the channel refractory, and Ca-bound CSQN relieves this inhibition. The model was validated by comparing simulated open probability (P o ) of RyR2 at various SR and cytosolic Ca levels to single channel records measured in lipid bilayers (Fig. 2 ). The cell model was then fine-tuned to insure robust termination and appropriate restitution of SR Ca release in the whole cell, and accurate global Ca transients at all rates.
Transition Rates Between States
RyR2 Model
The RyR2 model scheme is shown in Fig. 1 A. The kinetic state of every single RyR2 in the model is monitored. Monte-Carlo simulations determine the state of each individual RyR2 in the next time step based on transition rates provided below. The activation and deactivation rates (k C1O1 , k O1C1 ) and RyR2 channel conductance (d ryr ) were adapted from (8) . The activation rate reflects the fact that Ca binds instantaneously to each of the subunits of the RyR2 tetramer before a slower Ca-independent transition to the open state occurs. The deactivation rate implies that the mean open time of the RyR2 channel is ~ 2 ms (1/kO1C1). Considerations for inclusion of activation and refractory tiers in the RyR2 model are discussed in the "Luminal Ca Sensor" section of this Supplement. The transition rates between RyR2 tiers were constrained to reproduce accurately the local and global Ca concentrations and Ca currents in a guinea-pig myocyte during pacing at all rates.
Transition Rates 
Ca Diffusion fluxes
Inter-dyad coupling:
In ventricular myocytes, Ca diffusion can occur in both the cytosol and the SR (9) . Under conditions of Ca overload, Ca released in a dyad can diffuse and trigger Ca release in adjacent dyads, forming traveling Ca waves (10); this provides evidence of cytosolic inter-dyad coupling.
Model inter-dyad coupling in the cytosol was implemented by Ca diffusion between adjacent dyadic spaces. The parameters of diffusion were chosen so that Ca waves occur only under conditions of high SR load (with all other model parameters at control values). Simulated Ca release activity in a quiescent myocyte is shown in Fig. S4 . With this choice of parameters, spontaneous Ca release activity in the form of Ca sparks, but not Ca waves, occurs when the initial SR load is low at 0.2 mM. Ca waves occur when the initial SR load is high at 5 mM.
Recent evidence suggests rapid diffusion of Ca in SR (9) . Therefore, inter-dyad coupling in SR is implemented by fast Ca diffusion (time constant, _ _ = 1 ms) between dyadic NSRs.
For n > 1 and n < Ntotal_dyads is same as in (8). Note that we use the quasi-equilibrium approximation of (11) since the time-scale over which equilibrates with is much faster than other processes such as channel gating and Ca diffusion from adjacent dyads. 
Ca Diffusion from the Submembrane Space into the Myoplasm
Ca Concentration in the Submembrane
Stochastic Model of Ca Cycling
Many existing models of Ca cycling in cardiac ventricular myocytes are deterministic, based on average, subcellular compartments representation (1, (12) (13) . They are not stochastic and are not formulated at the microscopic scale of local dyadic interaction between LCCs and RyR2s. Several models were developed to investigate local stochastic Ca release at the level of the dyadic space (14-16). There have been fewer attempts to link these processes to the whole myocyte behavior. One of these models (17) and its numerical simplification (18) described local control of Ca release during ECC. Other models (19) (20) were used to study cardiac alternans. The task has proven arduous due to the large number of parameters involved and the large ratio of computing to simulation time. Our motivation for formulating the multiscale model of Ca release was to develop a computational framework for relating macroscopic whole-cell behavior to microscopic Ca release processes. This approach is needed for studying the stochastic nature of Ca release dysfunction in cardiac arrhythmias such as Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) (21) . With the stochastic model, one second simulated time required ~ 90 s of run time on Dell PowerEdge™ 2650 Dual Xeon Processor 2U Servers, with dual 2.8 GHz processors. In these simulations, only 1000 out of the total population of 10000 dyads were included, with no appreciable differences in results.
Simulation Methods
A global time step of 0.1 ms is used in the simulations. At each time step, the channel states of the entire population of RyR2 and LCC, and the Ca concentration in each of the dyadic compartments are tracked. The transition rates between LCC and RyR2 states in every dyad are calculated based on the local dyadic Ca concentration. Monte Carlo simulations using these transition rates determine the state of individual LCCs and RyR2s in the dyad. The Ca fluxes through LCCs and RyR2s are calculated based on the number of open LCCs and RyR2s, respectively, and are used to update local dyadic Ca concentrations. The Ca currents in all individual dyads are added to determine the whole-cell Ca current for a given time step. Reduction in computing time is achieved by assuming quasi-equilibrium condition of Ca d (11) and by including only a subset of 10,000 dyads in the simulations. Simulation results with 1000 dyads were close to results of the same simulations with a full set of 10,000 dyads. With 1000 dyads, one second simulated time during pacing at 1 Hz, implemented on a 164 processor Linux cluster for high-performance computing, takes about 90 seconds of computing time. All simulation results shown are for 1000 dyads, unless stated otherwise.
Fraction of active dyads and time of Ca release from the dyad
A dyad is assumed to be active when at least 20% of the RyR2s in the dyad are open indicating that a significant amount of Ca release is occurring in the dyad. Start time of Ca release from the dyad is determined as the time at which 20% of RyR2s open.
Ca Spark model
A simulated Ca spark is generated by using Ca efflux from the dyadic space as an input to the buffering and diffusion model of Ca sparks described previously (22), with the exception that we do not take into account optical blurring by confocal microscope.
Impairment of function
In the results section, effects of complete impairment of CSQN buffering capacity, luminal sensor function, or inter-dyad coupling are shown, unless stated otherwise. Impaired CSQN buffering capacity was implemented by setting total CSQN to 0.01 mM, thus simulating the role of CSQN as RyR2 regulator only. Impaired luminal Ca sensor regulation was simulated by setting the transition rates between activation and recovery tiers of RyR2 (k C1C2 , k C2C1 , k O1O2 and k O2O1 ) to zero. To simulate complete impairment of CSQN function (as might occur in a knockout mouse), both total CSQN concentration and the above transition rates were set to zero.
SUPPLEMENTARY FIGURES FIGURE S1
. Schematic diagram of CSQN function as represented in the model. Each RyR2 senses a proximal portion of CSQN network in its vicinity (CSQN Regulator). The majority of CSQN acts as CSQN Buffer. Junctional Sarcoplasmic Reticulum (JSR) is defined as the domain of CSQN distribution. The Ca buffering properties of CSQN are assumed to be identical throughout the CSQN network. Impaired CSQN buffering capacity was implemented by setting total CSQN to 0.01 mM, thus simulating the role of CSQN as RyR2 regulator only. Impaired luminal Ca sensor regulation was simulated by setting the transition rates between activation and recovery tiers of RyR2 (k C1C2 , k C2C1 , k O1O2 and k O2O1 ) to zero. To simulate complete impairment of CSQN function (as might occur in a knock-out mouse), both total CSQN concentration and the above transition rates were set to zero. 
